The CRISPR/Cas9 system has been widely used for multiplex genome engineering of Saccharomyces cerevisiae. However, its application in manipulating industrial yeast strains is less successful, probably due to the genome complexity and low copy numbers of gRNA expression plasmids. Here we developed an efficient CRISPR/Cas9 system for industrial yeast strain engineering by using our previously engineered plasmids with increased copy numbers. Four genes in both a diploid strain (Ethanol Red, 8 alleles in total) and a triploid strain (ATCC 4124, 12 alleles in total) were knocked out in a single step with 100% efficiency. This system was used to construct xylosefermenting, lactate-producing industrial yeast strains, in which ALD6, PHO13, LEU2, and URA3 were disrupted in a single step followed by the introduction of a xylose utilization pathway and a lactate biosynthetic pathway on auxotrophic marker plasmids. The optimized CRISPR/Cas9 system provides a powerful tool for the development of industrial yeast based microbial cell factories.
| INTRODUCTION
Biological production of fuels and chemicals from renewable resources has been intensively investigated due to increasing concerns on sustainability and global climate change (Du, Shao, & Zhao, 2011; Nielsen & Keasling, 2016) . Saccharomyces cerevisiae, which has been used for alcohol fermentation for thousands of years, is an excellent host in industrial biotechnology (Hong & Nielsen, 2012; Lian, Chao, & Zhao, 2014a; Lian, Si, Nair, & Zhao, 2014b; Sun et al., 2012) . Compared with laboratory yeast strains, industrial yeast strains have the advantages of higher productivity and robustness under harsh industrial conditions. However, industrial yeast strains are polyploid and the presence of multiple copies of chromosomes makes their genome engineering rather challenging (Stovicek, Borodina, & Forster, 2015; Zhang et al., 2014) . The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated (Cas) system has been adopted for efficient and multiplex genome engineering in nearly all kingdoms of life (Hsu, Lander, & Zhang, 2014; Liu, Liang, Ang, & Zhao, 2017) , including S. cerevisiae, and considered as one of the most powerful tools to address the challenges in manipulating industrial yeast strains. By introducing a double-strand break at a specific locus, the desirable genome modification can be achieved by the native DNA repair machinery. Although the CRISPR/Cas9 system has been applied for genome editing in both laboratory (Bao et al., 2015; DiCarlo et al., 2013 ) and industrial yeasts (Stovicek et al., 2015; Zhang et al., 2014) , much lower gene knock-out efficiency was generally observed for industrial strains. For example, the disruption of a single gene with an efficiency between 15% and 60% was reported in the triploid industrial yeast strain ATCC 4124, compared with nearly 100% efficiency in the laboratory counterparts, indicating the difficulty in multiplex genome engineering .
The presence of several copies of the chromosomes is the major hurdle for genome engineering of industrial yeast strains. During CRISPR/Cas9 based genome editing process, double-strand breaks Biotechnology and Bioengineering. 2018;1-6.
wileyonlinelibrary.com/journal/bit can be repaired by the provided DNA donor (edited) or the other copies of the chromosome (non-edited). Another major limitation is the relatively low copy numbers of gRNA expressing plasmid in industrial yeast strains. So far, several strategies have been adopted for the expression of Cas9 and gRNA and most of the studies have found it necessary to express gRNA on a 2 μ based multicopy plasmid for efficient genome engineering in S. cerevisiae (DiCarlo et al., 2013; Stovicek et al., 2015; Stovicek, Holkenbrink, & Borodina, 2017) .
Interestingly, although the 2 μ-based plasmids generally have relatively high copy numbers (20-30 copies/cell) with auxotrophic markers (i.e., HIS3, TRP1, LEU2, and URA3), they can be as low as 3-5 copies/cell when antibiotic markers (i.e., KanMX and HygB) are included (Karim, Curran, & Alper, 2013; Lian, Jin, & Zhao, 2016) .
Unfortunately, antibiotic resistance markers are generally used for industrial yeast engineering (Yuan & Zhao, 2013) . Previously, we engineered a series of antibiotic marker bearing plasmids with increased copy numbers by weakening the expression of the selection marker genes using truncated promoters (Lian et al., 2016) . With increased gRNA expression levels, we hypothesize that it may be able to introduce double-strand breaks to all copies of the chromosome simultaneously, which can only be repaired using the provided DNA donors to create the desirable genomic modifications. In other words, we can develop an efficient CRISPR/Cas9 system for multiplex genome engineering of industrial yeast strains.
We first determined the optimal copy numbers of the gRNA expressing plasmids to manipulate ATCC 4124, a triploid industrial yeast strain that has been found to have low CRISPR-based genome editing efficiency . The Cas9 expression cassette was cloned into a low copy number plasmid (pHygWT, ∼5 copies/cell, Supplementary Figure S1a ), while gRNA expression cassettes were cloned into pKanWT, pKan100, and pKan20, whose copy numbers were determined to be ∼5, ∼20, and ∼80 copies/cell, respectively (Supplementary Figure S1b) . With multiplex genome engineering of industrial yeast strains as the major goal, we followed the previously developed HI-CRISPR design (Bao et al., 2015) , where the homologous recombination (HR) donor for repairing the target DNA double-strand break was fused to the 5′ end of the gRNA sequences (Supplementary Figures S1b and S1c). Notably, gRNA was used instead of crRNA in the present study. After transforming pKanWT-ADE2.1, pKan100-ADE2.1, and pKan20-ADE2.1 to ATCC/Cas, the ADE2 knock-out efficiency (percentage of red colonies) was gradually increased from 20% and 60% to 100% (Supplementary Figure S2) . On the contrary, the introduction of the same set of gRNA expression plasmids into ATCC 4124 (no Cas9) resulted in no ADE2 disruption. As verified by quantitative PCR, gRNA abundance, and plasmid copy numbers were positively corelated (Supplementary Figure S3) . These results confirmed our assumption that the copy number of the gRNA expressing plasmid, accordingly gRNA expression level, was one of the major limiting factors for efficient genome editing of industrial yeast strains.
Since higher copy numbers were found to have higher knock-out efficiency, we chose pKan20-based vectors for expressing gRNAs in the following studies. We then tested more ADE2 targeting gRNAs (ADE2.2 and ADE2.3), all of which resulted in 100% deletion efficiency in ATCC 4124 (Table 1) . Moreover, we could also achieve 100% knockout efficiency in another industrial yeast strain, Ethanol Red, when the ADE2 targeting gRNAs (ADE2.1, ADE2.2, and ADE2.3) expression cassettes were cloned into pKan20 (Table 1) .
To explore the possibility of multiplex genome engineering, we next targeted the commonly used auxotrophic marker genes, such as dropout medium, all the engineered Ethanol Red and ATCC 4124 strains were constructed with the expected auxotroph, with the only exception for ATCC-HWLU (Table 1) . Although we tried many times with modified protocols, we still failed to observe any growth in antibiotic containing medium (YPD/Hyg + G418) when pKan20-HWLU was transformed into ATCC/Cas strain. Nevertheless, we could delete four genes in diploid Ethanol Red (8 alleles) and three genes in triploid ATCC 4124 (9 alleles) in a single step with 100% efficiency (12/12) using our optimized CRISPR/Cas9 system. DNA sequencing confirmed the designed 8 bp deletion in the specific loci of the constructed auxotrophic industrial yeast strains (Supplementary Figure S5) . Considering the use of ultra-high copy number plasmids and several serial transfers in selective medium, a major concern was the increased risk of introducing undesired mutations. Thus, we genotyped 12 potential off-targeting sites that share high homology with the gRNA seed sequences (12 bp + NGG) (Wu, Kriz, & Sharp, 2014 ) and found no off-targeting effects of in ATCC-HWLU strain (Supplementary Figure S6) .
We then explored the metabolic engineering applications of our optimized CRISPR/Cas9 system. As a case study, we aimed to construct xylose-consuming, lactate-producing industrial yeast strains. Previous studies found that the deletion of PHO13 and ALD6 resulted in significantly improved xylose utilization in a laboratory yeast strain (Kim et al., 2013 Table S1 ). Again, we constructed ER-APLU and ATCC-APLU in a single step with 100% efficiency (4/4, Table 1 ). Although several serial transfers were required in our established protocol, it is still a time-and effort-saving procedure by knocking out four genes simultaneously with 100% efficiency (4/4) in both a diploid and triploid industrial yeast strains, corresponding to eight and 12 alleles in total, respectively. The combination of host engineering and heterologous pathway introduction enabled the engineered industrial yeast strains to produce lactate from xylose. Compared with the strains without ALD6 and PHO13 deletion, we observed significantly improved xylose utilization, and lactate production in both Ethanol Red ( Figure 2a ) and ATCC 4124 (Figure 2b ).
In summary, we developed an efficient CRISPR/Cas9 system for industrial yeast engineering. Using our previously constructed ultra-high copy number plasmids for gRNA expression, we could knock out four genes in both a diploid strain (Ethanol Red, 8 alleles in total) and a triploid strain (ATCC 4124, 12 alleles in total)
in a single step with 100% efficiency (12/12 or 4/4). Considering the significance of introducing heterologous genes and pathways HLU, HWLU, ; BLK, blank
for metabolic engineering applications, we will attempt to optimize the CRISPR/Cas9 system for knock-in of large DNA fragments in industrial yeast strains in our follow-up studies.
Therefore, our engineered CRISPR/Cas9 system can be used to construct and optimize cell factories based on industrial yeast strains.
| MATERIALS AND METHODS

| Strains and cultivation conditions
Escherichia coli DH5α was used as the cloning host and recombinant strains were cultured at 37°C in LB medium containing 100 µg/ml 
| Plasmid construction
The Cas9 Golden-Gate Assembly (Liang, Chao, Abil, Bao, & Zhao, 2014) . All the plasmids used in this study were listed in Supplementary   Table S1 . p42H-SpCas9 and pKan20-SpSgH will be deposited and available in Addgene. Oligonucleotides used for gene amplification, PCR verification, and DNA sequencing were listed in Supplementary Table S2 . gBLOCKs used for gRNA construction were listed in Supplementary Table S3 .
| Strain construction
Yeast strains constructed in this study were listed in Supplemen- tary Table S4 . The Cas9 expressing strains were constructed by Figure S1) . To evaluate the off-targeting effects, the gRNA seed sequences (12 bp + PAM) (Wu et al., 2014) were blasted against the yeast genome and 12 potential off-targeting sites that shared the highest homology were chosen for genotyping (Supplementary Table S5 ).
| Lactate production from xylose
A single colony of the xylose utilizing, lactate producing strain was inoculated into 3 ml SED-LU medium in a 15-ml round bottom culture tube, and the seed culture was used to inoculate 5 ml SEX-LU medium in a 15-ml round bottom culture tube with an initial OD of 0.025. The strains were cultivated with 30°C with vigorous shaking (250 rpm). Samples (200 μl) were taken every 2 days and analyzed using HPLC.
| Analytical methods
Cell growth was determined by measuring the absorbance at 600 nm using a Tecan Infinite M1000 PRO microplate reader (Tecan Trading AG, Switzerland). Xylose and lactate were quantified using Shimadzu HPLC (Columbia, MD) equipped with an Aminex HPX-87H column (Bio-Rad, Hercules, CA) and Shimadzu RID-10A refractive index detector. The column was kept at 65°C and 0.5 mM sulfuric acid solution was used as a mobile phase at a constant flow rate of 0.6 ml/min. Each data point represents the mean of biological triplicates.
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